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Metal-organic and Supramolecular Lead(II) Networks Assembled 
from Isomeric Nicotinoylhydrazone Blocks: The Effects of Ligand 
Geometry and Counter-ion on Topology and Supramolecular 
Assembly 
Ghodrat Mahmoudi,a*ŶƚŽŶŝŽĂƵǌĄ ?b Antonio Frontera,b Piotr Garczarek,c 
sůĂĚŝŵŝƌ^ƚŝůŝŶŽǀŝđ, d* Alexander M. Kirillov, e* Alan Kennedy f and Catalina Ruiz-WĠƌĞǌg 
A new series of six structurally diverse lead(II) coordination compounds was assembled from two isomeric 
nicotinoylhydrazones as neutral ligands and three Pb(II) salts with different monoanions (chloride, nitrate and thiocyanate) 
as starting materials. The products were isolated in good yields and were fully characterized, including by single-crystal X-
ray diffraction and theoretical methods. Within the six compounds, three feature 2D metal-organic networks, two are 1D 
coordination polymers, and another one comprises discrete 0D dimeric units. The structures of the latter low dimensional 
compounds are extendable into 2D supramolecular networks. The topology of the coordination or supramolecular networks 
is primarily dictated by the geometry of the nicotinoylhydrazone used as a main building block. In contrast, supramolecular 
interactions are greatly influenced by the choice of the anion in the starting lead(II) salt, which is demonstrated by Hirshfeld 
surface analysis. In fact, the topological analysis and classification of metal-organic or supramolecular underlying networks 
in the obtained compounds was performed, disclosing the hcb, 2C1, gek1, SP 1-periodic net (4,4)(0,2) and 3,4L83 topological 
types; the latter topology was docummented for three compounds, including both coordination and supramolecular 
networks. In two compounds containing thiocyanate moieties there are supramolecular contacts between thiocyanate 
anions and lead centres. These were shown by DFT calculations to be strong tetrel bonds ( ?15.3 and  ?16.7 kcal/mol) between 
ƚŚĞʍ-hole of the lead atom and the ʋ-system of the thiocyanate S ?C bond. 
1. Introduction 
 
The research on metal-organic frameworks (MOFs) or 
coordination polymers (CPs) is nowadays among the most 
attractive areas in modern chemistry.1-11 This is largely due to 
promising and already recognized applications of such 
compounds as functional materials in gas storage and 
separation,12-17 catalysis,18-21 chemical sensing22-24 and many 
other areas. Therefore, substantial effort has been put into the 
design and synthesis of novel MOFs or CPs with a multitude of 
different structural and topological types, since the 
combination of metal nodes and organic spacers or linkers 
provides unlimited possibilities for the fabrication of materials 
with various structures and functions. 
The structures and properties of CPs depend on a number of 
factors such as, for example, (1) the coordination geometries of 
metal centres, (2) the geometries and connectivity of ligands, 
(3) the supramolecular interactions between the CPƐ ?
components and (4) the presence of 
neighbouring/interpenetrating nets or interstitial guest 
molecules. If the organic ligands are neutral molecules, CPs 
would typically include inorganic ions which will either occupy 
interstices in the structures or act as additional ligands.25-31 
Because of this, the choice of counter-ions can play a significant 
role in guiding the structures of MOFs or CPs that are driven by 
organic building blocks.32-37 
The metal-organic networks or coordination polymers based on 
lead(II) remain less explored, mostly due to the toxicity of this 
metal, as well as its somewhat unpredictable coordination 
behaviour. In fact, the electronic configuration of Pb(II) allows 
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the Pb2+ cation to exhibit a large variety of coordination 
numbers (from 2 to 10) and geometries. However, the interest 
in CPs of lead has recently substantially increased. This is 
presumably related to the diversity of coordination modes of 
this metal and the unique supramolecular architectures and 
physical properties of such compounds.38-46 Hence, the Pb-
based CPs find potential applications as luminescent 
materials,47-52 ion exchangers53 and nonlinear optical 
materials.54 As Pb(II) cations have an affinity towards organic 
ligands containing O, N and S donor atoms,55-59 hydrazone 
containing building blocks are often employed in construction 
of Pb(II) coordination compounds, also due to their excellent 
coordinating ability, versatile coordination modes, and possible 
supramolecular interactions. 
An additional interest in the chemistry of Pb(II) arises from our 
recent work and concerns the unique ability of lead(II) to 
participate in the formation of tetrel bonds.60 This newly 
(re)discovered supramolecular interaction61-66 is formed 
between a positively charged region on a group 14 atom in 
continuation of a covalent bond (a ʍ-hole) and an electron 
donor, analogously to a more common halogen bond. Lead(II) is 
particularly prone to the formation of tetrel bonds because of 
its size and polarizability, as well as its specific hemidirectional 
coordination67,68 which leaves a gap in the coordination sphere 
of the Pb(II) cation, thus enabling the approach of the electron-
donor. This makes lead(II) metal-organic networks particularly 
sensitive to the choice of ligands and counter-ions to form 
supramolecular interactions not only between each other, but 
also with the metal ion itself. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1. Molecular diagrams of nicotinoylhydrazone building 
blocks L1 and L2. 
 
Herein we describe a study of the effect of counter-ion on the 
topology, geometry, and supramolecular structure of metal-
organic frameworks in two series of coordination compounds 
having a general formula [PbLX2], where X is a singly charged 
anion (Cl ?, NO3 ?, or SCN ?), and L is a nicotinoylhydrazone ligand. 
The effect of the counter-ion was tested against two isomeric 
ligands L1 and L2, differing only in the position of pyridyl 
nitrogen atom within one of the pyridine rings (Scheme 1). This 
difference renders their potential for assembling rather distinct 
metal-organic frameworks, as L1 is expected to act as bridging 
block between two metal centres (chelating mode and binding 
via a pyridine nitrogen atom), while L2 can bridge three metal 
centres (binding via the central hydrazone group and two 
interactions involving two terminal pyridine nitrogen atoms). 
On the other hand, the counter-ions widely differ in their 
coordination ability, as well as in the possibility for the 
formation of supramolecular interactions, in particularly 
hydrogen and tetrel bonds. These factors can thus exert a 
decisive control over the structure of the resulting solids.  
2. Experimental 
2.1. Materials and measurements 
The nicotinoylhydrazone derivatives (L1 and L2) were prepared 
following the reported method40 and used without further 
purification. All other reagents and solvents used for the 
synthesis and analysis were commercially available and were 
used as received. FT-IR spectra were recorded on a Bruker 
Tensor 27 spectrometer. Microanalyses were performed using 
a Heraeus CHN-O-Rapid analyser. Syntheses were carried out 
using a branched tube apparatus.  
 
2.2. Syntheses of lead(II) compounds (1-6) 
[Pb(L1)Cl2]n (1) Lead(II) chloride (0.027 g, 0.1 mmol), and L1 
(0.024 g, 0.1 mmol) were combined in the main arm of a 
branched tube. Methanol (10 ml) was carefully added to fill the 
arms. The tube was sealed and immersed in an oil bath at 60 qC, 
while the branched arm was kept at ambient temperature. After 
one day, crystals of 1 formed in the cooler arm, and were 
filtered off, washed with acetone and ether, and then dried in 
air. The isolated yield was 68%. Anal. calcd. (found) for 
C13H12Cl2PbN4O: C, 30.12 (30.22); H, 2.33 (2.37); N, 10.81 (10.67) 
%. IR (cmAL1) selected bands: 546(w), 662(vs), 786(vs), 941(m),  
1067 (w), 1133(m), 1204(s), 1284(s),  1422(s), 1469(s), 1587(s), 
1640(s), 3089(w). 
[Pb(L1)(NO3)2]n (2) Similarly to 1, equimolar amounts of 
Pb(NO3)2 and L1 were used in the same branched tube 
apparatus under the same conditions. For 2, the isolated yield 
was 74%. Anal. calcd. (found) for C13H12PbN6O7 C, 27.32 (27.25); 
H, 2.12 (2.10); N, 14.71 (14.77) %. IR (cmAL1) selected bands: 
474(w), 625(m), 821(vs), 897 (m), 1013(s), 1280(m), 1351(s), 
1382(s), 1442(s), 1528(vs), 1589(m), 1634(m), 3073(w). 
[Pb(L1)(SCN)2]2 (3) Similarly to 1 and 2, equimolar amounts of 
Pb(SCN)2 and L1 were reacted in the same branched tube 
apparatus, under the identical conditions. For 3, the isolated 
yield was 70%. Anal. calcd. (found) for C30H24Pb2N12O2S4: C, 
31.97 (32.02); H, 2.15 (2.17); N, 14.91 (14.87) %. IR (cmAL1) 
selected bands: 527(w), 690(s), 776(m), 1058 (w), 1156(m), 
1256(w), 1439(m), 1592(m), 1623(s), 3060(w). 
[Pb(L2)Cl2] (4) For 4, a similar synthetic procedure to 1 was 
utilized, except that L1 was replaced by L2. The isolated yield 
was 78%. Anal. calcd. (found) for  C13H12Cl2PbN4O: C, 30.12 
(30.26); H, 2.33 (2.30); N, 10.81 (10.77) %. IR (cmAL1) selected 
bands: 574(w), 694(s), 780(s), 1003 (w), 1159(m), 1250(w), 
1437(m), 1576(s), 1612(s), 3060(w).  
[Pb(L2)(NO3)2]n (5) For 5, the synthesis was the same as for 2, 
but using L2 instead of L1. The isolated yield was 88%. Anal. 
calcd. (found) C13H12PbN6O7: C, 27.32 (27.22); H, 2.12 (2.17); N, 
14.71 (14.67) %. IR (cmAL1) selected bands: 625(m), 813(vs), 900 
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(m), 1027(s), 1195(m), 1312(s), 1381(s), 1536(s), 1595(vs), 
1629(m), 3057(w).   
[Pb(L2)(SCN)2]n (6) For 6, the synthesis was the same as for 3, 
but using L2 instead of L1. The isolated yield was 90%. Anal. 
calcd. (found) for C13H12PbN6OS: C, 31.97 (32.09); H, 2.15 (2.20); 
N, 14.91 (14.97) %. IR (cmAL1) selected bands: 541(w), 696(s), 
810(m), 1027 (w), 1196(m), 1294(w), 1473(m), 1624(m), 
2061(s), 2926(w) 
 
2.3. X-ray crystallography 
Single crystals of 1-6 suitable for X-ray analyses were selected 
and crystallographic data were collected on Enraf Nonius FR590 
or Oxford Diffraction Xcalibur E68 or Bruker-AXS Kappa APEX II 
CCD69,70 diffractometers using Mo Kɲ radiation (ʄ A䄀  ? ? ? ? ? ? ? ) ?
Each data set was treated with SADABS absorption corrections 
based on redundant multi-scan data.71 All the structures were 
solved by direct methods and refined by full matrix least-
squares procedures.72 All non-hydrogen atoms were refined 
with anisotropic displacement parameters whereas hydrogen 
atoms not involved in hydrogen bonding were placed in 
calculated positions and given isotropic U values 1.2 times that 
of the atom to which they are bonded. 
 
2.4. Topological analysis 
Topological analysis of coordination (or supramolecular) 
networks in 1 ?6 was performed using Topos software and 
following the concept of the simplified underlying net.73,74 Such 
nets were generated by contracting organic ligands (for analysis 
of coordination polymers) or discrete metal-complex units (for 
analysis of supramolecular networks), maintaining their 
connectivity via coordination bonds (including some rather long 
bonds/interactions) or hydrogen bonds. For the analysis of 
networks involving H-bonding interactions, only strong D, ? ? ?
ŚǇĚƌŽŐĞŶ ďŽŶĚƐ ǁĞƌĞ ĐŽŶƐŝĚĞƌĞĚ ? ǁŚĞƌĞŝŶ ƚŚĞ , ? ? ? AM ? ? ? ?  ?
 ? ? ?AM ? ? ? ? ?ĂŶĚ(D, ? ? ? )AN ? ? ?q; D and A stand for donor 
and acceptor atoms.73 
 
2.5. Theoretical methods 
The geometries of the compounds included in this study were 
computed at the BP86-D3/def2-TZVP level of theory using the 
crystallographic coordinates within the TURBOMOLE 
program.75 This level of theory that includes the latest available 
dispersion correction (D3) is adequate for studying non covalent 
ŝŶƚĞƌĂĐƚŝŽŶƐ ĚŽŵŝŶĂƚĞĚ ďǇ ĚŝƐƉĞƌƐŝŽŶ ĞĨĨĞĐƚƐ ůŝŬĞ ʋ-stacking. 
The basis set superposition error for the calculation of 
interaction energies has been corrected using the counterpoise 
method.76 dŚĞ  “ĂƚŽŵƐ-in-ŵŽůĞĐƵůĞƐ ?  ?/D )77 analysis of the 
electron density has been performed at the same level of theory 
using the AIMAll program.78 
 
2.6. Hirshfeld surface analysis 
Hirshfeld surfaces79-81 and fingerprint plot (de vs. di) calculations 
were performed using the Crystal Explorer package ver. 3.1.82 
Crystal structures were imported from CIF files. Hirshfeld 
surfaces were generated for complex molecules using high 
resolution and mapped with the dnorm or shape index functions. 
3. Results and discussion 
 
3.1. Synthesis and spectroscopic results 
The reactions of L1 or L2 with PbX2 (X = Cl, NO3 and SCN), in a 
1:1 molar ratio in methanol, resulted in the formation of 
compounds 1 ?6. In the IR spectra of 1-6, the ʆ ?A?E ) A㴀 ʆ ?A? )
stretching vibrations31 are in the 1650-1560 cm ?1 range, being 
characteristic for hydrazones bound to a metal ion. The bands 
at 1317, 1031 and 849 cm ?1 ĂƌĞĂƐƐŝŐŶĂďůĞƚŽʆas(NO3 ) ?ʆs(NO3) 
ĂŶĚɷ ?EK3) vibrations of nitrate ligands in 2, but in 5 these bands 
appear at 1312, 1027 and 813 cm ?1. The separation between the 
ʆas ĂŶĚʆs bands corroborates the symmetric coordination of the 
nitrate ion.22 In 4, tŚĞ ʆas(NCS ) ĂŶĚ ʆ ?S) stretches of S-
coordinated thiocyanate21 appear as strong bands at 2111 and 
765 cm ?1, respectively ?ĚĚŝƚŝŽŶĂůůǇ ?Ăɷ ?E^ )band is found at 
452 cm ?1. All other less characteristic vibrations of organic 
ligands are seen in the 1600-600 cm ?1 range (Table 2; Fig. S1). 
 
3.2. Crystal structures of 1-6 
Complex 1 crystallizes in P21/c space group. The asymmetric 
unit consists of one lead(II) atom, one A?2-L1 tetradentate ligand 
and two chloride ŵŽŝĞƚŝĞƐ ?ŽŶĞƚĞƌŵŝŶĂůĂŶĚA?2-bridging). The 
Pb1 centres adopt a distorted pentagonal bipyramid geometry 
with three chelating atoms from one L1 moiety, pyridyl nitrogen 
from a second L1 molecule and a terminal chloride ligand in the 
equatorial positions. The axial sites are taken by two symmetry 
ĞƋƵŝǀĂůĞŶƚA?2-Cl ligands. The Pb ?N and Pb ?Cl bond distances are 
in the 2.640(2) ?2.841(2) and 2.7027(8) ? ? ? ? ? ? ? ? ? )  ƌĂŶŐĞ, 
respectively. The Pb ?KďŽŶĚŚĂƐĂůĞŶŐƚŚŽĨ ? ? ? ? ? ? ? ) ?dŚĞ ?-
pyridyl groups of the L1 ligands bind adjacent Pb1 atoms 
forming centrosymmetric dimeric units, whereas the A?2-Cl 
linkers bridge these dimeric units generating a 2D metal-organic 
network perpendicular to the crystallographic axis a (Figure 1a). 
For the sake of topological analysis, this network was 
simplified73,74 resulting in a uninodal 3-connected underlying 
net (Figure 1b). It is composed of the 3-connected Pb1 nodes 
and the 2-ĐŽŶŶĞĐƚĞĚA?2-> ?ĂŶĚA?2-L1 linkers, and displays the 
hcb [Shubnikov hexagonal plane net/(6,3)] topology with the 
point symbol of (63). Besides, the terminal chloride ligand acts 
as an acceptor in N-, ? ? ?ů(N3-, ? ? ? ?ů ? ŽĨ  ? ? ? ? ?  ) hydrogen 
bonds and weak C-, ? ? ?ů ĐŽŶƚĂĐƚƐ  ? ?-, ? ? ? ?ů ? ĂŶĚ  ? ?-
, ? ? ? ? ?ů ? ) ?thus resulting in the extension of 2D metal-organic 
layers into a 3D supramolecular structure. 
Compound 2 crystallizes in ܲͳഥ space group with one lead(II) 
atom, one L1 moiety and two nitrate ligands (one terminal and 
ŽŶĞA?2-bridging) in the asymmetric unit. The Pb1 atom is bound 
by a tridentate chelating L1 moiety, as well as one terminal 
ďŝĚĞŶƚĂƚĞĂŶĚ ƚǁŽďƌŝĚŐŝŶŐ A?2-nitrate ligands. The latter bind 
adjacent Pb1 centres to form centrosymmetric dimers. The Pb ?
O bond distances fall into the 2.511(2) ? ? ? ? ? ? ? ? )  ƌĂnge, 
whereas the Pb ?EĚŝƐƚĂŶĐĞƐǀĂƌǇĨƌŽŵ ? ? ? ? ? ? ? )ƚŽ ? ? ? ? ? ? ? ) ?
The eighth coordination position is occupied by a pyridyl 
nitrogen from a second L1 molecule, with an elongated Pb ?N 
ďŽŶĚ ? ? ? ? ? ? ? ? ) ) ?dŚĞƌĞƐƵůƚŝŶŐƐƚƌƵĐƚƵƌĞĐĂŶďĞĐŽŶƐŝĚĞƌĞĚĂ 
a zigzag 1D metal-organic chain (Figure 2a). Topological analysis 
of this chain discloses a 2-connected underlying 1D network 
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with the 2C1 topology (Figure 2b). The adjacent chains are 
interconnected by hydrogen bonds between the N ?H groups of 
L1 moieties and terminal nitrate ligands (N3-, ? ? ? ?K ?ŽĨ ? ? ? ? ?
forming a centrosymmetric R22(12) motif) into 2D H-bonded 
layers perpendicular to the a ĂǆŝƐ ?dŚĞƌĞŝƐĂůƐŽĂʋ-ʋƐƚĂĐŬŝŶŐ
between the L1 ligands in adjacent chains (closest contact, 
 ? ? ? ? ? ?ŽĨ ? ? ? ? ? ?ŝƐďĞƚǁĞĞŶ ?-pyridyl and 3-pyridyl carbon 
atoms).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Structural fragments of 1 viewed along the a axis. (a) 
2D metal-organic network. (b) Topological representation of a 
simplified underlying network showing a uninodal 4-connected 
metal-organic layer with the hcb [Shubnikov hexagonal plane 
net/(6,3)] topology; colour codes: 4-connected Pb1 nodes (grey 
balls), centroids of 2-ĐŽŶŶĞĐƚĞĚA?2-L1 (ĐǇĂŶ )ĂŶĚA?2-Cl (green) 
linkers. 
 
 
 
 
 
 
 
 
 
 
Figure 2. Structural fragments of 2 viewed along the c axis. (a) 
Binding of the [PbL1(NO3)2]2 units into a zigzag 1D metal-organic 
chain (ĞůŽŶŐĂƚĞĚWď ? ? ?EďŽŶĚƐĂƌĞĚƌĂǁŶĂƐƐƚŝƉƉůĞĚůŝŶĞƐ). (b) 
Topological representation of a simplified underlying network 
showing a uninodal 2-connected chain with the 2C1 topology; 
colour codes: 2-connected Pb1 nodes (grey balls), centroids of 
2-ĐŽŶŶĞĐƚĞĚA?2-> ? ?ĐǇĂŶ )ĂŶĚA?2-Cl (green) linkers.  
 
Although compound 3 also crystallizes in ܲͳഥ space group, its 
asymmetric unit consists of a non-centrosymmetric dimer 
comprising two crystallographically nonequivalent lead(II) 
atoms, two A?2-L1 moieties and four thiocyanate ligands (Figure 
3a). Both six-coordinate lead(II) atoms are surrounded by the 
tridentate A?2-L1 ligands, pyridyl nitrogen of the other L1 moiety 
and two terminal N- and S-bound thiocyanates. However, a 
relative disposition of donor atoms around the two lead centres 
is markedly different. The Pb1 atom is coordinated in an 
extremely disordered octahedral fashion with the chelating and 
monodentate L1 moieties lying in one plane and the two 
thiocyanate ligands in trans position. The Pb2 centre adopts a 
distorted pentagonal pyramidal coordination environment with 
one oxygen and four nitrogen atoms (from two L1 moieties as 
well as one thiocyanate ligand) in the basal sites, whereas a 
thiocyanate S atom takes the apical position. The thiocyanate 
ůŝŐĂŶĚƐ ďŽŶĚĞĚ ƚŽ Wď ? ĂƌĞ ƚŚƵƐ Ăƚ ĂŶ ĂŶŐůĞ ŽĨ ĐĂ ?  ? ? ? ? ĂƐ
opposed to Pb1 where they are in a trans configuration (ca. 
 ? ? ? ? ) ?ŶŽƚŚĞƌƐŝŐŶŝĨŝĐĂŶƚĚŝĨĨĞƌĞŶĐĞŝƐŝŶƚŚĞWď ?N bond lengths 
between the lead(II) centres and the pyridyl N atoms; it is 
ŶŽƌŵĂů ĨŽƌWď ?  ? ? ? ? ?), but extremely long for Pb1 (3.20  ) ?
Other than this, the Pb ?O, Pb ?N, and Pb ?S bond lengths are 
within normal ranges of 2.518(3) ?2.525(3), 2.506(3) ?2.763(3), 
and 2.8335(9) ? ? ? ? ? ? ? ? ? ? ) ?ƌĞƐƉĞĐƚŝǀĞůǇ ?  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Structural fragments of 3. (a) A non-centrosymmetric 
[PbL1(SCN)2]2 dimeric unit (a) ůŽŶŐŝŶƚƌĂŵŽůĞĐƵůĂƌWď ? ? ?EĐŽŶƚĂĐƚ
is drawn as a stippled line. (b) Binding of [PbL1(SCN)2]2 dimers 
into a supramolecular 2D sheet perpendicular to [101] direction 
(ŝŶƚĞƌŵŽůĞĐƵůĂƌWď ? ? ?^ĐŽŶƚĂĐƚƐĂƌĞĚƌĂǁŶĂƐƐƚŝƉƉůĞĚůŝŶĞƐ). (c) 
Topological representation of a simplified underlying network 
showing a binodal 3,4-connected supramolecular layer with the 
3,4L83 topology; colour codes: Pb1 nodes and Pb2 linkers (grey 
balls), centroids of L1 linkers (cyan), and centroids of SCN nodes 
and linkers (green); view along the c axis. 
 
Interestingly, in spite of the differences in coordination 
environment, both lead atoms are hemidirectionaly 
coordinated and are involved in supramolecular tetrel bonding 
with the sulphur atoms of the N-bound thiocyanate ligands of 
the neighbouring dimers. The Pb1 centre thus binds to two S4 
atoms from two dimers, while the Pb2 centre binds to the S2 
atom from a third dimer moiety. This leads to the formation of 
a supramolecular layer perpendicular to the [011] direction 
(Figure 3b). From a topological perspective,73,74 this 
supramolecular 2D layer can be classified as a binodal 3,4-
connected underlying net with the 3,4L83 topology (Figure 3c). 
It is described by the point symbol of (42.63.8)(42.6), wherein the 
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(42.63.8) and (42.6) notations are those of the 4-connected Pb1 
and the 3-connected thiocyanate nodes, respectively. There are 
also Pb2, L1 and other thiocyanate moieties that participate in 
the formation of the net and which are considered as linkers. 
Compound 4 crystallizes in ܲͳഥ space group and has a lead(II) 
atom, ĂA?3-L2 ďůŽĐŬ ?ŽŶĞA?2-bridging and one terminal chloride 
ligand in the asymmetric unit. Lead(II) centre is octahedraly 
coordinated by three Cl ligands as well as two pyridyl nitrogen 
atoms and a carbonyl oxygen atom from three L2 moieties. 
These in turn act as tridentate bridging ligands and coordinate 
three different Pb ions. dŚĞ A?2-ů ĂŶĚ A?3-L2 moieties act as 
linkers and spacers and interconnect the adjacent Pb1 atoms to 
give a 2D metal-organic network (Figure 4a). The adjacent 2D 
sheets in 4 are further interconnected along the a axis by the 
N3-, ? ? ? ?ů ?ŚǇĚƌŽŐĞŶďŽŶĚƐ, involving the amide N ?H group of 
L2 and the terminal chloride ligand. Topological classification of 
such 2D sheets discloses a binodal 3,4-connected underlying 
network with the 3,4L83 topology (Figure 4b). Although this 
topology is similar to that of supramolecular net 3, it however 
corresponds to the metal-organic net in 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Structural fragments of 4 viewed along the a axis. (a) 
2D metal-organic network. (b) Topological representation of a 
simplified underlying 2D network showing a binodal 3,4-
connected metal-organic layer with the 3,4L83 topology; colour 
codes: 4-connected Pb1 nodes (grey balls), centroids of 3-
ĐŽŶŶĞĐƚĞĚA?3-L2 nodes (cyan), and centroids of 2-ĐŽŶŶĞĐƚĞĚA?2-
Cl linkers (green). 
 
Compound 5 crystallizes in the P21/c space group and possesses 
one lead(II) centre, one A?3-L2 block, and two nitrate ligands (one 
A?2-bridging and one terminal) in the asymmetric unit. Lead(II) 
centre is eight-coordinated by six oxygen atoms, coming from 
one L2 moiety and three nitrate ligands, and two nitrogen 
atoms from two different L2 blocks. Bond distances lay in the 
range of 2.551(2) ?2.874(2 )  ĨŽƌ Wď-O bonds and 2.722(3) ?
 ? ? ? ? ? ? ? )  ĨŽƌ Wď-N bonds. Similarly to 4, each A?3-L2 moiety 
bridges three lead(II) atoms, ǁŚĞƌĞĂƐĂA?2-nitrate ligand acts as 
an additional linker (Figure 5a). As a result, an intricate 2D 
metal-organic network is generated (Figure 5a). To get further 
insight into this rather complex network, we carried out its 
topological analysis by generating a simplified underlying net. It 
is composed of the 5-connected Pb1 and the 3-ĐŽŶŶĞĐƚĞĚA?3-L2 
nodes, as well as the 2-ĐŽŶŶĞĐƚĞĚA?2-nitrate linkers (Figure 5b). 
This net can be classified as a binodal 3,5-connected layer with 
a rare gek1 topology. It is defined by the point symbol of 
(3.4.5)(32.4.5.62.74), wherein the (3.4.5) and (32.4.5.62.74) 
notations ĐŽƌƌĞƐƉŽŶĚƚŽƚŚĞA?3-L2 and Pb1 nodes, respectively. 
Besides, the adjacent metal-organic layers in 5 are extended 
into a 3D supramolecular network through weak C-, ? ? ?K
hydrogen bonds (C2-, ? ? ? ?K ? ? ? ?-, ? ? ? ? ?K ? ) ? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Structural fragments of 5 viewed along the a axis. (a) 
2D metal-organic network (hydrogen atoms were omitted for 
clarity). (b) Topological representation of a simplified 
underlying 2D network showing a binodal 3,5-connected metal-
organic layer with the gek1 topology; colour codes: 5-connected 
Pb1 nodes (grey balls), centroids of 3-ĐŽŶŶĞĐƚĞĚ A?3-L2 nodes 
(cyan), and centroids of 2-ĐŽŶŶĞĐƚĞĚA?2-NO3 linkers (green).  
 
Compound 6 crystallizes in ܲͳഥ space group and has one lead(II) 
atom, one A?3-L2 block, and two thiocyanate moieties (one 
terminal ligand and one anion) in the asymmetric unit (Figure 
6). Lead(II) centre is four-coordinated showing a disphenoidal 
geometry that is filled by three A?3-L2 moieties (two via pyridine 
nitrogen and one via the oxygen atom), and a nitrogen atom 
from a thiocyanate ligand. Although the other thiocyanate is not 
coordinated to the Pb1 atom, it is hydrogen bonded to the 
amide N ?H of L2 (N2 ?, ?Ŷ ? ? ?E ? ŽĨ  ? ? ? ? ?  ) ? ach L2 bridges 
three lead(II) atoms, thus interconnecting them into a ladder 
like cationic [PbL2(SCN)]nn+ 1D chains along the [011] direction 
(Figure 6a). From a topological viewpoint,73 these chains are 
driven by the 3-connected and topologically equivalent Pb1 and 
A?3-L2 nodes (Figure 6c). These chains can be classified as a 
uninodal 3-connected underlying net with the SP 1-periodic net 
(4,4)(0,2) topology and the point symbol of (42.6). The low 
coordination number of Pb1 allows an easy approach of two 
thiocyanate ions to the lead(II) centres, forming closĞ Wď ? ? ?^
tetrel bonding contacts. These contacts interconnect the metal-
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organic chains into supramolecular sheets perpendicular to the 
[101] direction (Figure 6b). Topological classification of such 
supramolecular sheets reveals the 3,4L83 topology, which is 
analogous to the coordination network in 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Structural fragments of 6. (a) Cationic metal-organic 
[PbL2(SCN)]nn+ chain with H-bonded SCN- anions. (b) Binding of 
[PbL2(SCN)]nn+ chains and SCN- counter-ions into 2D sheets 
perpendicular to the [101] direction ďǇ ƐƵƉƌĂŵŽůĞĐƵůĂƌ Wď ? ? ?^
ĂŶĚ Wď ? ? ? ŝŶƚĞƌĂĐƚŝŽŶƐ. (c) Topological representation of a 
simplified underlying 1D network showing a uninodal 3-
connected metal-organic chain with the SP 1-periodic net 
(4,4)(0,2) topology; colour codes: 3-connected Pb1 nodes (grey 
balls), centroids of 3-ĐŽŶŶĞĐƚĞĚ A? ?-L2 nodes (cyan); rotated 
view along the a axis. 
 
3.3. Hirshfeld surface analysis 
To analyse the intermolecular interactions in crystal structures 
of 1-6, Hirshfeld surfaces have been calculated for all the 
structures. For polymeric structures (1, 2, 4, 5 and 6) the 
Hirshfeld surfaces have been calculated around monomeric 
units. This leads to areas of the Hirshfeld surfaces with large 
dnorm values corresponding to coordination bonds (Figure 7). 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Hirshfeld surfaces mapped with dnorm for a) 1, b) 2, c) 
3, d) 4, e) 5 and f) 6. 
 
The analyses of the Hirshfeld surfaces reveals that the dominant 
supramolecular interactions are primarily defined by the choice 
of the anionic co-ligand. Thus, in both 1 and 4 the dominant 
supramolecular interactions are hydrogen bonds involving the 
chloride ligands (24.6% of the Hirshfeld surface in 1 and 27.0% 
in 4 ) ? ĂŶĚ ĚŝƐƉĞƌƐŝǀĞ , ? ? ?, ĐŽŶƚĂĐƚƐ  ? ? ? ? ?A? ŽĨ ƚŚĞ ,ŝƌƐŚĨĞůĚ
surface in 1 and 26.1% in 4). Of these most notable are 
numerous C ?, ? ? ?ů ĂŶĚ E ?, ? ? ?ů ŚǇĚƌŽŐĞŶ ďŽŶĚŝŶŐ ĐŽŶƚĂĐƚƐ
corresponding to areas of large values of dnorm (Figure 7 a and 
d). The most significant difference between 1 and 4 is in the 
importance of C ?, ? ? ?ʋ ŝŶƚĞƌĂĐƚŝŽŶƐ  ?, ? ? ? ĐŽŶƚĂĐƚƐ ĐŽŵƉƌŝƐŝŶŐ
21.0% of the HS in 1 but only 7.0% in 4). This difference is readily 
observed when shape index function is mapped onto the 
,ŝƌƐŚĨĞůĚ ƐƵƌĨĂĐĞƐ ? ĂƐ ƚŚŝƐ ĐůĞĂƌůǇ ƐŚŽǁƐ ůĂƌŐĞ ƌĞĚ  ‘ŚŽůůŽǁƐ ?
indicating presence of C ?, ? ? ?ʋŝŶƚĞƌĂĐƚŝŽŶƐ ?ŵĂƌŬĞĚǁŝƚŚƉůĂŝŶ
arrows on Fig. 8a) on the HS of 1  ? a feature absent on the 
Hirshfeld surface of 4 (Fig. 8d). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Hirshfeld surfaces mapped with shape index function 
for a) 1, b) 2, c) 3, d) 4, e) 5 and f) 6. Dashed arrows denote parts 
of the surface corresponding to covalent bonds in polymeric 
ĐŽŵƉŽƵŶĚƐ ? &Ƶůů ĂƌƌŽǁƐ ŵĂƌŬ ʋ ƐƚĂĐŬŝŶŐ ŝŶƚĞƌĂĐƚŝŽŶƐ ? ƵŶůĞƐƐ
stated differently. 
 
 
In 2 and 5 ďǇ ĨĂƌ ƚŚĞ ŵŽƐƚ ĚŽŵŝŶĂŶƚ ĨĞĂƚƵƌĞ ĂƌĞ ƚŚĞ K ? ? ?,
contacts (corresponding to 47.6% of the Hirshfeld surface in 2 
and 41.1% in 5) indicative of the numerous hydrogen bonds 
with nitrate oxygen atoms as acceptors. In both cases there is 
an area of large dnorm corresponding to the N-, ? ? ?KŚǇĚƌŽŐĞŶ
bond, and further numerous corresponding to C-, ? ? ?KĐŽŶƚĂĐƚƐ ?
In addition, there are significant contributions of C ?, ? ? ?ʋ
interactions (11.2% in 2 and 11.4% in 5 ) ĂŶĚ ĚŝƐƉĞƌƐŝǀĞ , ? ? ?,
contacts (11.2% of the Hirshfeld surface in 2 and 18.7% in 5). 
When shape index function is used to map the surface, bow-tie 
motifs can be noticed which indicate presence of aromatic ring 
stacking contacts (Fig. 8b and f).  
The dominant supramolecular interactions in 3 and 6 are 
hydrogen bonding contacts, in particularly multiple strong N ?
, ? ? ?EĂŶĚǁĞĂŬĞƌ ?, ? ? ?E ? ?, ? ? ?^ ?ĂŶĚ ?, ? ? ?ʋŚǇĚƌŽŐĞŶďŽŶĚƐ
 ? N ?, ? ? ?E ĂŶĚ  ?, ? ? ?E ĐŽŶƚĂĐƚƐ ĐŽŶƐƚŝƚƵƚĞ  ? ? ? ?A? ŽĨ ,ŝƌƐŚĨĞůĚ
surface in 3 and 13.2% in 6, C ?, ? ? ?^ŚǇĚƌŽŐĞŶďŽŶĚƐ ? ? ? ?A?ĂŶĚ
20.0% ?ĂŶĚ, ? ? ?ĐŽŶƚĂĐƚƐ ? ? ? ?A?ĂŶĚ ? ? ? ?A?ƌĞƐƉĞĐƚŝǀĞůǇ ?^ŚŽƌƚ
N ?, ? ? ?EŚǇĚƌŽŐĞŶďŽŶĚƐĂƌĞŶŽƚŝĐĞĂďůĞĂƐůŽŶŐ ?ƐŚĂƌƉ ‘Ɛ ŝŬĞƐ ?
on the 2D plot (Figure 9). 
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Figure 9. Decomposed fingerprint plots showing the main types 
of intermolecular contacts in structures of 1-6. 
 
A particularly interesting feature of structures 3 and 6 is the 
ƉƌĞƐĞŶĐĞ ŽĨ Wď ? ? ?^ ƚĞƚƌĞů ďŽŶĚƐ ? /Ŷ ŽƌĚĞƌ ƚŽ ŽďƐĞƌǀĞ ƚŚĞŵ ďǇ
Hirshfeld surface analysis it was necessary to define the unit of 
the polymeric 6 for which the Hirshfeld surface had to be 
expanded to include the two additional L2 ligands covalently 
bonded to the Pb centre, and contacts between the Pb centre 
within the surface and atoms outside were studied. In both 3 
and 6 there are areas of high dnorm (Figure 10) corresponding to 
tetrel bonds between the Pb centre and thiocyanate ions. 
Interestingly, not only the thiocyanate sulphur, but also the 
carbon atom appears to be in contact with the lead(II) ions. This 
is apparent from the Hirshfeld surface mapped with dnorm as 
ƉĂŝƌƐŽĨĨƵƐĞĚƌĞĚĐŝƌĐůĞƐ ?ĐŽƌƌĞƐƉŽŶĚŝŶŐƚŽƉĂŝƌƐŽĨWď ? ? ?^ĂŶĚ
Wď ? ? ? ĐŽŶƚĂĐƚƐ ? dŚĞ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ƚƌĂĐĞƐ ŝŶ ƚŚĞ ĚĞĐŽŵƉƐĞĚ
fingerprint plots (Figure 11) are considerably different, with the 
ƚƌĂĐĞĐŽƌƌĞƐƉŽŶĚŝŶŐƚŽƚŚĞWď ? ? ?^ĐŽŶƚĂĐƚŵĂƌŬĞĚůǇƐŚĂƌƉĞ Ănd 
Wď ? ? ? ŵŽƌĞ ĚŝĨĨƵƐĞ ?dŚĞƌĞ ŝƐĂůƐŽ ŝŶďŽƚŚƐƚƌƵĐƚƵƌĞƐĂ ŵŝŶƵƚĞ
ĐŽŶƚƌŝďƵƚŝŽŶŽĨƚŚĞWď ? ? ?EĐŽŶƚĂĐƚ ? 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Hirshfeld surfaces mapped with dnorm for a) a 
molecule of 3 and b) an extended monomer of 6 showing the 
tetrel bonding between the Pb atoms (within the surface) and 
thiocyanate anions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 Decomposed fingerprint plots showing contacts 
including Pb in 3 and 6.  
 
3.4. DFT study 
We have focused our study to the analysis of the noncovalent 
tetrel bonding interactions involving the Pb and several electron 
rich atoms. These interactions are very important governing the 
crystal packing, as has been explained above. Obviously in all 
structures reported herein, hydrogen bonding interactions are 
very relevant in the solid state, as demonstrated by the 
examination of the forces that govern the crystal packing and 
the Hirshfeld analysis (vide supra). However, in some structures 
(compounds 3 and 6 ) ? ƚŚĞ ĞǆŝƐƚĞŶĐĞ ŽĨ ŶŽŶĐŽǀĂůĞŶƚ ^ ? ? ?Wď
noncovalent interactions is worth of investigation. Moreover, in 
compound 3 antiparallel stacking interactions between the 
pyridine rings of the organic ligands have been also 
investigated. We have first examined the molecular 
electrostatic potential surface (MEPS) of the asymmetric unit of 
compound 3 and a model of compound 6, since it is polymeric. 
From the inspection of the surfaces, some considerations arise. 
&ŝƌƐƚ ? ƐŵĂůů ƌĞŐŝŽŶƐ ŽĨ ƉŽƐŝƚŝǀĞ ƉŽƚĞŶƚŝĂů  ?ʍ-holes) are clearly 
observed in the Pb atoms (+45 kcal/mol for 1 and +54 kcal/mol 
for 6, see Figure 12) that anticipate their ability to interact with 
concentrations of negative charge. Second, the SCN co-ligands 
show ambidentate behaviour. That is, one is coordinated 
through the N-atom and the other through the S-atom. The 
electrostatic potential at the end of the ligand is very different 
depending on the type of coordination. The N-coordinated 
ligand presents a modest potential in the S end ( ?16 kcal/mol) 
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and, conversely, the S-coordinated ligand shows a strong 
electrostatic potential at the N end ( ?58 kcal/mol). This very 
different electrostatic characteristic of the SCN ligand is 
important in the crystal packing since the N-end of the Pb-SCN 
ligand in 3 interacts with the N ?H group forming a strong H-
bond as demonstrated in its Hirshfeld analysis (Figures 7 and 9). 
 
 
 
 
 
 
 
Figure 12. MEPS of compounds 3 and 6 at the B3LYP/6-31+G* 
level of theory. 
 
At this point, it should be emphasized that the simultaneous 
ambidentate SCN coordination in Pb complexes is quite 
unusual. A search in the Cambridge Structural Database of 
complexes containing the Pb(SCN)2 fragment reveals that only 
three structures have been structurally characterized exhibiting 
both binding modes in the same complex (ʅ1,3 bridging ligands 
have not been considered in the search). Therefore, the 
complexes reported herein are exceptional in this sense. 
Interestingly, the CSD search also reveals that only 5 structures 
present both SCN co-ligands coordinated via the S atoms and 
that the usual behaviour is the coordination via the N atom (17 
structures). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Theoretical models used to analyse the tetrel bonding 
interactions in compound 3 ?ŝƐƚĂŶĐĞƐŝŶ ? 
 
 
 
 
 
 
 
 
Figure 14. Left: Partial view of the X-ray structure of compound 
6. Right: Theoretical model used to analyse the tetrel bonding 
interactions in compound 6 ?ŝƐƚĂŶĐĞƐŝŶ ? 
 
In compound 3 we have studied energetically the formation of 
a self-assembled dimer in the solid state that is characterized by 
a double tetrel bond interaction where the Pb atoms act as 
ĂĐĐĞƉƚŽƌĂŶĚƚŚĞʋ-system of the SCN ligands as donors (Figure 
13). The Pb is almost equidistant to the S and C atoms and the 
ŝŶƚĞƌĂĐƚŝŽŶĞŶĞƌŐǇŝƐȴE1 =  ?30.6 kcal/mol, indicating that each 
tetrel bond is approximately  ?15.3 kcal/mol (similar to a strong 
H-ďŽŶĚŝŶƚĞƌĂĐƚŝŽŶ ) ?dŚĞŝŶƚĞƌĂĐƚŝŽŶŽĨWďǁŝƚŚƚŚĞʋ-system is 
favoured with respect to the S-end since the electrostatic 
potential is anisotropic around S atom being less negative in the 
prolongation of the S ?C bond. We have also computed the 
interaction energy of the antiparallel stacking between the 
pyridine rings observed in the solid state. This interaction is 
responsible for the formation of an infinite 1D chain in the 
crystal structure. The interaction energy is larger than expected 
 ?ȴE2 =  ?22.9 kcal/mol) for a stacking interaction due to the 
strong influence of the metal coordination to the N atom of 
ƉǇƌŝĚŝŶĞ ? ƚŚĂƚ ƌĞŝŶĨŽƌĐĞƐ ƚŚĞ ʋ-stacking (by increasing the 
dipole-dipole contribution to the interaction). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. AIM distribution of bond and ring critical points (red 
and yellow spheres, respectively) in compounds 3 and 6. The 
bond paths connecting bond critical points are also shown. 
 
In compound 6 ? ^ ? ? ?Wď ŶŽŶĐŽǀĂůĞŶƚ ŝŶƚĞƌĂĐƚŝŽŶƐare also 
observed in the solid state. These interactions connect the 
polymeric chains that are observed in the crystal packing (see 
Figures 6 and 14). We have used a discrete model of the 
polymeric chain in order to evaluate the tetrel bonding 
interactions ?dŚĞŝŶƚĞƌĂĐƚŝŽŶĞŶĞƌŐǇŽĨƚŚĞŵŽĚĞůŝƐȴE3 =  ?33.4 
kcal/mol, indicating that each tetrel bond is approximately  ?
16.7 kcal/mol. This energy is slightly higher than the one 
observed for compound 3, in good agreement with the MEP 
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ǀĂůƵĞŽďƐĞƌǀĞĚŝŶƚŚĞʍ-hole, which is greater in compound 6 
(see Figure 12). 
&ŝŶĂůůǇ ? ǁĞ ŚĂǀĞ ƵƐĞĚ ƚŚĞ ĂĚĞƌ ?Ɛ ƚŚĞŽƌǇ ŽĨ  “ĂƚŽŵƐ ŝŶ
ŵŽůĞĐƵůĞƐ ?  ?/D ) ƚŽ ĂŶĂůǇƐĞ ƚŚĞ ŶŽŶĐŽǀĂůĞŶƚ ŝŶƚĞƌĂĐƚŝŽŶƐ
described above. The presence of a bond critical point and a 
bond path connecting two atoms is a clear indication of 
bonding. The AIM analysis obtained for compounds 3 and 6 is 
shown in Figure AF4. Both tetrel bonding interactions are 
characterized by the presence of a bond critical point (red 
sphere) than connects the S atom to the Pb metal centre. In 
compound 6, the S atom also interacts with a hydrogen atom of 
the pyridine ring since a bond critical point and bond path 
connecting both atoms are observed in the AIM analysis. This 
C ?, ? ? ?^ ŚǇĚƌŽŐĞŶ ďŽŶĚ ĂůƐŽ ĐŽŶƚƌŝďƵƚĞƐ ƚŽ ƚŚĞ ŝŶƚĞƌĂĐƚŝŽŶ
between the infinite polymeric chains of the crystal structure. 
The values of the Laplacian of the charge density measured at 
the bond critical points that characterize the tetrel bonding 
interactions are positive, as is common in closed-shell 
interactions. 
Conclusions 
In the present study, we synthesized and fully characterised a 
new series of lead(II) coordination compounds assembled from 
the neutral nicotinoylhydrazone blocks L1 or L2 and different 
inorganic anions (chloride, nitrate, or thiocyanate) as auxiliary 
ligands. The obtained compounds range from a discrete 0D 
lead(II) dimer 3 and infinite 1D coordination polymers 2 and 6 
to 2D metal-organic networks 1, 4, and 5. Their structures are 
further extended via different supramolecular interactions. 
In the crystal structures of 1-3, the L1 block acts as a neutral 
ligand in the expected 3+1 manner, with three atoms 
(hydrazone oxygen and nitrogen and the 2-pyridyl nitrogen) 
chelating to one lead(II) cation, and one atom, the 3-pyridyl 
nitrogen, bridging to a neighbouring one. Unlike L1, L2 does not 
act as a chelating ligand, but rather behaves as a spacer 
between three lead(II) centres. Consequently, compounds 4-6 
are all coordination polymers. 
Topological classification of metal-organic (in 1, 2, 4, 5 and 6) 
and supramolecular (in 3) underling networks was performed, 
disclosing a uninodal 4-connected layer with the hcb topology 
in 1, a uninodal 2-connected chain with the 2C1 topology in 2, 
binodal 3,4-connected nets with the 3,4L83 topology in 3 and 4, 
a 3,5-connected layer with the gek1 topology in 5, as well as a 
uninodal 3-connected chain with the SP 1-periodic net 
(4,4)(0,2) topology in 6. Unlike the geometry and the topology 
of the coordination networks, the supramolecular bonding was 
found to be primarily defined not by the choice of the organic 
ligand but rather the anionic co-ligand. Interesting similarities 
within the pairs 1 and 4 (chloride derivatives), 2 and 5 (nitrate 
derivatives), and 3 and 6 (thiocyanate derivatives) were 
observed. The supramolecular structures of the latter 
compounds were found to be greatly affected by the tetrel 
bonding between the lead(II) containing cations and the 
thiocyanate moieties. These noncovalent interactions were 
energetically evaluated and confirmed by means of the AIM 
analysis. 
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